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Abstract
Intact triple helical collagen molecules are highly resistant to proteolytic enzymes, whereas 
degraded (unwound) collagen is easily digested. This fact was exploited to develop a simpli­
fied method for the quantification of the amount of degraded collagen in the collagen net­
work of connective tissues. Essentially, the method involves extraction of proteoglycans with 
4 M guanidinium chloride, selective digestion of degraded collagen by a-chymotrypsin, 
hydrolysis in 6 M HC1 of the released fragments as well as the residual tissue, and then mea­
surement of the amount of hydroxyproline in both pools* Since the digestion of degraded 
collagen by a-chymotrypsin and measurement of hydroxyproline is not restricted to a spe-
r
cific collagen type, this technique can be applied to a wide variety of connective tissues. The 
method was validated with articular cartilage.
Levels of in s i tu  degraded collagen were about four-fold higher in degenerated (fibrillated) 
cartilage than in its healthy counterpart derived from the same donor. More detailed investi­
gations revealed that the collagen damage in degenerated cartilage is more extensive at the 
cartilage surface than in the region adjacent to bone. This was not the case in healthy carti­
lage; identical low values were obtained at the surface and close to the bone. An impaired 
collagen network has been hypothesized to be the reason for the swelling of cartilage in os-
4 ■*
teoarthritis (OA). The present paper presents the first experimental evidence to support this 
hypothesis: more damage to the collagen network (i.e., more degraded collagen molecules 
within fibrils) is linearly related to more extensive swelling of the OA tissue in hypotonic 
saline.
Abbreviations used: aCT, a-chymotrypsin; DG, degener­
ated cartilage; FM OC, 9-fluorenylmethyl chloroformate; 
FM O C-O H , hydrolysis product of FM O C with water; GuHCl, 
guanidinium chloride; HFBA, heptafluorobutyric acid; HP, 
hydroxylysylpyridinoline; Hyp, hydroxyproline; MMP, matrix 
metalloproteinase; N, normal cartilage; OA, osteoarthritis; 
OPA, o-phthaldialdehyde.
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Introduction other advantage is that the Hyp-based assay technique is 
also applicable to tissues containing fibrillar collagens
The extracellular matrix of articular cartilage consists other than type II collagen, 
for more than 50% of its dry weight of insoluble type II
collagen. This crosslinked three-dimensional fibrillar net­
work of collagen is responsible for the tensile strength of 
cartilage (Kempson, 1980; Eyre, 1991). Destruction of 
this network by proteolytic enzymes and/or excessive 
mechanical loading will lead to pathologic conditions
tissue specimen
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(T ) incubation with a -chymotrypsin
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Materials and Methods
R ea g en ts  a n d  in s tru m e n ts
Guanidinium chloride (GuHCl), hydrochloric acid,
such as osteoarthritis (OA), Due to the presence of EDTA, iodoacetamide, o-phthaldialdehyde (OPA), pep- 
crosslinks, cleaved collagen molecules remain incorpo- statin-A, 3-aminopropyl-triethoxysilan, 3,3 -diaminoben-
rated in the collagen network (Poole et al., 1993). Inas- zidine tablets’ «-chymotrypsin (aCT) (P-426J), trypsin
much as degraded collagen molecules unwind (denature) 
at physiological temperature (Murphy and Reynolds,
1985; Mallya et al., 1986), a less functional network re­
sults that cannot withstand the mechano-osmotic forces 
to which articular cartilage is exposed in v i v o .  Swelling 
of cartilage, one of the early signs of osteoarthritis, is be­
lieved to be the result of an impaired collagen network
(Maroudas, 1976; Maroudas et al., 1985; Bonassar et 
al., 1995). The present study was designed to support 
this hypothesis after development of a simple assay to 
quantitate damage to the collagen network.
An assay became available only recently to quantitate 
the amount of damaged (degraded) collagen in the insol­
uble matrix. Poole and co-workers introduced an im- 
munohistochemical technique using a polyclonal anti- 
body to localize degraded type I I  collagen of cartilage- 
nous tissues (Dodge and Poole, 1989; Dodge et al. 
1991; Mort et al., 1993; Poole et al., 1993). The poly­
clonal antiserum reacted exclusively with a-chain epi­
topes in the helical region of the denatured molecule 
which remains hidden in the triple helical (native) colla­
gen. Thereafter, an ELISA was developed to quantitate 
the amount of degraded collagen type II in cartilage
(Hollander et al., 1994, 1995; Antoniou et al., 1996); 
the monoclonal antibody (COL2-3/4m), like the poly­
clonal antiserum, is reactive to an epitope in unwound 
al(II) chains that is not accessible in native triple he­
lices. Selective digestion of degraded collagen by a-chy- 
motrypsin (aCT) releases the epitope. Subsequent diges­
tion of the remaining intact collagen network by pro­
teinase K releases the same epitope. Separate quantita­
tion of the epitopes in both fractions reveals the percent­
age of degraded collagen type II in tissue. Unfortunately, 
the assay requires both an antibody not commercially 
available and elaborate ELISA procedures. In the present 
study, we have considerably simplified the assay by mea­
suring the amount of the collagen-specific amino acid 
hydroxyproline (Hyp) present in aCT supernatants as 
well as in the remaining insoluble matrix (Fig. 1). An-
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Fig. 1. Principle of the measurement of degraded collagen in 
tissues. Two collagen molecules are shown in the tissue speci­
men, one intact molecule and one molecule with an unwound 
triple helical region due to degradation. After extraction of 
proteoglycans, degraded (denatured) collagen molecules incor­
porated in the insoluble collagen network are selectively di­
gested at 37 °C by a-chymotrypsin. The supernatant, contain­
ing the fragments derived from the digested collagen molecules, 
is removed and hydrolyzed, as well as the insoluble matrix left 
after a-chymotrypsin digestion. Analysis of the hydroxyproline 
content in both pools yields the percentage of degraded colla­
gen originally present in the tissue.
and amino acid standard for collagen hydrolyzates were 
obtained from Sigma (St. Louis, MO, USA). Acetone, 
tetramethylammonium chloride, boric acid, sodium hy­
droxide, diethyl ether and P-mercaptoethanol were pur­
chased from Merck (Darmstadt, Germany). HPLC-grade 
acetonitrile and methanol were obtained from Rathburn 
(Walkerburn, Scotland). Sodium azide and citric acid were 
from Baker (Deventer, the Netherlands); heptafluorobu- 
tyric acid (HFBA) and 9-fluorenylmethyl chloroformate 
(FMOC) were supplied by Fluka (Buchs, Switzerland), 
and Tris was from Boehringer (Mannheim, Germany). 
The collagenase MMP-13 was a gift from Dr. Peter G. 
Mitchell (Pfizer, Groton, CT, USA); the antibody COL2- 
3/4m was a gift from Dr, A.R. Poole (Joint Diseases Labo­
ratory, McGill University, Montreal, Canada).
The HPLC system consisted of a Marathon XT auto­
sampler (cooled at 4 °C) (Spark Holland, Emmen, the 
Netherlands), a Gynkotek (Munich, Germany) High 
Precision Pump Model 480, and a Jasco (Tokyo, Japan) 
Model 821-FP spectrofluorometric detector. Data were 
collected on-line by a computing integration system 
(Peak Master; Harley Systems, Buckinghamshire, UK), 
The solvents were degassed on-line with a GT-103 vac­
uum degasser (Lab-Quatec Co.).
Cartilage
Experiments to validate the a-chymotrypsin digestion 
procedure were performed on cartilage plugs derived 
from the superior part of a human femoral head ob­
tained after femoral head fracture; only plugs derived 
from areas with an intact surface (as assessed by Indian 
ink staining (Meachim, 1972)) were used.
Normal (N) and degenerated (DG) cartilage were ob­
tained from weight bearing areas of human femoral 
knee condyles within 18 h after death of the donor. The 
age of the donors (n = 12) ranged from 43 to 83 years, 
with a mean age of 65 ± 13 years. The cartilage was cut 
with a scalpel blade, excluding underlying bone. DG 
cartilage, designated by macroscopic focal fibrillation of 
the articular surface, was obtained from the lateral or 
medial condyle and is considered to represent a pre- 
clinical stage of osteoarthritis (Valburg et al., 1997). A 
slice of N  cartilage (i.e., cartilage with a glossy, com­
pletely smooth surface) was obtained from the same po­
sition of the contralateral knee from the same donor.
Swelling experiments of OA cartilage (n = 8) and sub­
sequent measurement of the amount of degraded colla­
gen were performed with femoral condylar cartilage ob­
tained from a 74-year-old woman who underwent total 
knee arthroplasty for osteoarthrosis.
All tissue collection was approved by the local ethical 
committees.
Swelling experiments
Full depth cartilage plugs were excised with a cork 
borer (diameter = 6 mm) and placed in 0.15 M NaCl. 
After incubation for 1-3 h at 4 °C3 the plugs were cut 
into surface, middle and deep regions. The samples from 
the middle region were weighed after equilibration in 
isotonic saline (0.15 M NaCl) (overnight; 4 °C). 
Swelling was achieved in hypotonic saline (0.015 M  
NaCl; overnight; 4 °C) (Maroudas and Venn, 1977). 
After weighing, the amount of degraded collagen 
was determined. Percentage swelling was defined as 
[(Wh -  Wj)/Wi] x 100%, where Wh is the weight of the 
specimen in hypotonic solution and the weight in iso­
tonic solution.
Im m u n o h is to c hem is try
Proteoglycan depleted cartilage plugs (treated with 
and without aCT; see below) were mounted in OCT em­
bedding media (Miles Laboratories, Naperville, IL), and 
7 pm sections were cut at -2 2  °C on a Bright 3050 cryo- 
stat. Sections were mounted on glass microscope slides 
precoated with 3-aminopropyltriethoxysilan, fixed in 
4% formaldehyde for 10 min, and washed in several 
changes of PBS for 15 min. Endogenous peroxidase ac­
tivity was blocked by incubation of the sections with 
freshly prepared '1% (vol/vol) H 20 2 in absolute ethanol 
for 30 min. Non-specific staining was blocked by incu­
bation with '10% normal horse serum in PBS containing 
1 % bovine serum albumin. The sections were incubated 
over night with the COL2-3/4m antibody (400-fold dilu­
tion) at 4 °C in a humidified chamber. Biotinylated horse 
anti-mouse immunoglobulin (DAKO, 1/1200) was used 
as secondary antibody (1 h, room temperature). A bio- 
tin-streptavidin detection system (Vectra elite kit) was 
used according to the manufacturer’s recommendations. 
Sections were stained for peroxidase acitivity with 3,3'- 
diaminobenzene-tetra-hydrochloride (Sigma, St. Louis, 
MO) in 0.5 mg/ml Tris HCl (pH 7.6) containing freshly 
added 0.01% (v/v) H20 2.
Measurement o f  degraded collagen
To remove proteoglycans and soluble collagen, and ir­
reversibly denature any cross linked collagen molecules 
that have suffered proteolysis or destruction due to ex­
cessive mechanical loading, cartilage plugs (typically
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around 3 x 3 x 2  mm) were extracted twice with 1 ml
4 M GuHCl in incubation buffer [0.1 M Tris HC1, pH 
7.3, containing the proteinase inhibitors iodoacetamide 
(1 mM), EDTA (1 mM) and pepstatin-A (10 pg/ml)] for
48 h at 4 °C on a roller bank. After washing with incu­
bation buffer (three times 1 ml for 3-6 h at 4 °C) the de­
natured collagen in the insoluble matrix was digested 
overnight at 37 °C with 500 ml incubation buffer con­
taining 1 mg aCT/ml. The supernatant, containing the 
aCT-solubilized collagen fragments, was removed quan­
titatively and diluted 1:1 with 12 N HC1. As it was 
found that the remaining cartilage contained less then 
5% of the aCT-solubilized fragments, the tissue was not 
further washed but immediately immersed in 1 ml 6 N  
HC1. Supernatant and residual tissue were hydrolyzed at 
110 °C for 20-24 h. Hydrolyzates were dried overnight 
in a Speed Vac (Savant). To remove traces of HC1, sam­
ples were reconstituted with 300 pi of distilled water 
and dried again. Finally, the samples were dissolved in 
1 ml 0.1 M borate buffer, pH 9.5. For amino acid analy­
sis, samples were used undiluted (hydrolyzates of super- 
natants) or diluted 250 times with 0/1 M borate buffer, 
pH 9.5 (hydrolyzates of residual cartilage).
Hydroxyproline derivatization with OPA/FMOC
A 200 mi sample was mixed with 25 pi OPA reagent 
(30 mg OPA + 15 pi (3-mercaptoethanol in 1 ml acetone) 
and reacted for 1 min at room temperature. The reaction 
mixture was then mixed with 25 pi iodoacetamide 
(80 mg/ml acetone) and incubated at room temperature 
for at least 30 sec to remove excess (3-mercaptoethanol. 
Subsequently, the secondary amino acids Hyp and pro­
line (Pro) were derivatized with 50 pi 6 mM FMOC in 
acetone for 5 min at room temperature. Immediately 
thereafter, the sample was extracted twice with 750 pi 
diethyl ether to remove excess reagent. After the addi­
tion of 200 pi solvent A (see below), the sample was 
ready for injection into the HPLC system.
Linearity of the relationship between peak area and 
Hyp concentration was checked with an amino acid 
standard for collagen hydrolyzates diluted in duplicate 
with 0.1 M borate buffer, pH 9.5.
HPLC amino acid analysis
Amino acids of 50 pi of the derivatization mixture were 
separated using a Micropak ODS-8OTM reverse-phase 
column (4.6 x 150 mm) (Varian, Sunnyvale, CA, USA). 
Solvent A was prepared by adding 20 mM sodium citrate 
containing 5 mM tetramethylammonium chloride and 
0.01% sodium azide to a solution of 20 mM citric acid
containing 5 mM tetramethylammonium chloride and 
0.01% sodium azide until the pH reached 2.85, Solvent B 
was 100% acetonitrile. Elution was performed in two 
isocratic steps: 15 min with a mixture of 60% solvent A 
and 40% solvent B followed by 10 min with a mixture of 
25% solvent A and 75% solvent B. Thereafter, the system 
was equilibrated for 5 min with 60% solvent A and 40% 
solvent B (starting conditions) for the next injection. 
Thus, the total time required from one injection to the 
next was 30 min. The elution was carried out at a flow 
rate of 1 ml/min at ambient temperature. On-line mea­
surements were made at an excitation wavelength of 
254 nm and an emission wavelength of 630 nm.
HPLC measurements o f  the collagen crosslink HP
In one set of experiments, the collagen crosslink hydro- 
xylysylpyridinoline (HP) was used to measure the amount 
of degraded collagen. Hydrolyzates were, after a solid- 
phase extraction step with CF-1 cellulose (Colwell et al., 
1993), dissolved in '1 ml 0.05% (v/v) HFBA in 10% (v/v) 
acetonitrile. Samples were used undiluted (hydrolyzates of 
supernatants) or diluted five times (hydrolyzates of resid­
ual cartilage). Reversed-phase HPLC was carried out on a 
Micropak ODS-8OTM column (4.6 x 150 mm) (Varian, 
Sunnyvale, CA); the crosslink HP was isocratically eluted 
with 0.15% (v/v) HFBA in 24% methanol with a flow rate 
of 1 ml/min and detected at ail excitation wavelength of 
295 nm and an emission wavelength of 400 nm. The 
amount of degraded collagen was calculated with the for­
mula given below (Hyp replaced by HP).
Data analysis
The amount of degraded collagen is expressed as a 
percentage of total collagen present in the tissue after ex­
traction with GuHCl, by using the equation
Hyp content in supernatant aCT digest x 100%
Hyp content in supernatant aCT digest + Hyp content of digested plug
Data are presented as mean ± standard deviation. Sta­
tistical differences between groups were evaluated using 
Student’s t-test for paired observations.
Results
Validation o f the a-chymotrypsin digestion procedure
The assay is based on the features that aCT cannot 
cleave intact triple helical collagen whereas it digests de­
natured collagen (Hollander et a l, 1994, 1995), and 
that the degradation products are small, leading to com-
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Fig. 2. Sensitivity of collagen towards a-chymotrypsin. Collagen type II purified from  bovine nasal cartilage w as analyzed by SDS- 
PAGE (7.5%), both without (-) and with (+) prior digestion at 37 °C with cx-chymotrypsin, and  visualized by staining with 
Coomassie Brilliant Blue. Lanes 1 and 2, native collagen; lanes 3 and 4, collagen denatured by heating for 30 min at 70 °C; lanes 5 
and 6, collagen degraded by hum an collagenase (MMP-13). In lane 6, five times m ore material w as applied than  lane 5. Note tha t 
denatured collagen and the MMP-13 cleavage products are degraded by a-chymotrypsin, w hereas the intact triple helix remains 
unaffected.
plete release from the tissue into the buffer. These fea­
tures were checked by SDS-PAGE determination of the 
size of the fragments obtained after aCT digestion of in­
tact collagen, of collagen that was denatured by preheat­
ing (70 °C; 30 min), and of collagen that was cleaved 
(and thus became denatured) by human collagenase 
(MMP-13). Intact collagens type I, II and III were indeed 
unaffected by aCT, whereas the denatured preparations 
were digested by aCT into fragments too small to be de­
tected by SDS-PAGE (<30 amino acids; shown for colla­
gen type II in Fig. 2).
To evaluate whether an aCT concentration of 1 mg/ml 
supplied an adequate excess of enzyme to fully digest the 
degraded collagen, 500 pi aCT solution was tested with 
one, two, three and four pieces of 2 x 2 x 1 mm cartilage 
plugs (roughly corresponding to 1.5, 3.0, 4,5 and 6.0 
mg collagen, respectively). Identical values of the per­
centage of degraded collagen were obtained with all 
amounts of cartilage (data not shown). Thus, as re­
quired, variations in the amount of cartilage did not af­
fect the obtained percentage of degraded collagen.
Since 4 M GuHCl is a protein denaturant, experiments 
were carried out to evaluate whether GuHCl is able to
unwind collagen triple helices in an irreversible way. 
Healthy hip cartilage of a 54-year-old female was treated 
(1) without GuHCl, (2) with GuHCl and (3) with chon- 
droitinase ABC/hyaluronidase to mimic the proteoglycan- 
depletion properties of GuHCl (enzyme digestions were 
carried out according to (Zhu, 1995)). Percentages of de­
graded collagen were 2.1 ± 0.3, 4,3 ± 0,3 and 4,0 ± 0,4 
(n = 3), respectively. The percentage of degraded collagen 
was significantly higher (p < 0.03) in cartilage treated 
with either GuHCl or chondroitinase ABC/hyaluronidase; 
no significant differences were found between the GuHCl 
and chondroitinase ABC/hyaluronidase treated specimens 
(p = 0.4). This shows that removal of proteoglycans is 
necessary to allow aCT to penetrate into the matrix and
4
that GuHCl does not irreversibly denature intact colla­
gen. The last conclusion is strengthened by the observa­
tion that no differences were found in the percentage of 
degraded collagen in demineralized cortical baboon bone 
(femoral diaphysis, proximal part, age range 5.2-26 
years) that was treated with and without GuHCl (means
13.5 ± 5.3% and 13.2 ± 5.7%, respectively; n = 14).
To substantiate that all of the degraded collagen in tis­
sue is effectively digested by aCT, healthy cartilage of a
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preheated in incubation buffer without aCT for 24 h at Since aCT preparations may be contaminated with
elevated temperatures (between 35 and 95 °C) to un- traces of trypsin, and trypsin has been reported to cleave
wind the triple helix. After this preheating step, the tis- collagen at a position close or identical to the MMP-1
sue was digested with aCT at 37 °C for another 24 h. cleavage site (Ryhanen et ah, 1983), digestion of carti-
Below 43 °C, less than 3% denatured collagen was lage with aCT was performed in the presence of 0, 1, 5
found, whereas above 43 °C, collagen denaturation ex- and 10% (w/v) trypsin. N o significant differences were
ceedcd 5% (Fig. 5). At 95 °C, virtually all collagen was found between 0 and 10% (w/v) trypsin (data not
denatured and digested with aCT (Fig. 5).
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Fig. 4. Amount of degraded collagen in OA cartilage as deter­
mined by (1) the amount of hydroxyproline and (2 ) the 
am ount of the pyridinoline crosslink HP released after a C T  
treatment. Both assays result in the same values, indicating that 
aC T  is able to cleave the entire denatured cc-chain.
shown). Thus, contamination of aCT with trypsin does 
not affect the outcome of experiments.
The over-all reproducibility of the assay was tested 
with 24 full-depth cartilage plugs taken from the supe­
rior region of a healthy (i.e. non-fibrillated) human 
femoral head obtained after autopsy. The amount of de­
graded collagen in the 24 specimens ranged from 1.2 to 
2,8%, with a mean of 1.9 ± 0.5%. This variability in­
cludes not only assay variation but also biological differ­
ences between plugs. Freeze-drying of cartilage and sub­
sequent reconstitution in incubation buffer did not affect 
the amount of degraded collagen.
OPA/FMOC derivatization and chromatography 
characteristics
Derivatization was performed in two steps. First, the 
primary amino acids were reacted with OPA. In the sec­
ond step, the remaining secondary amino acids Hyp and 
Pro were labelled with FMOC. The FMOC derivatives 
of Hyp and Pro were subsequently separated and quan­
titated with reversed-phase chromatography (Fig. 6A). 
Consistently, chromatograms of aCT supernatant hy- 
drolyzates as well as tissue hydroiyzates show baseline-
c0)o>
JSöo
TJ <D T3
2cn
£T3
100
temperature (°C)
Fig. 5. Effect of temperature on the percentage of denatured 
collagen. Cartilage was pre-incubated a t different temperatures 
for 24 h without a-chymotrypsin. Subsequent digestion with 
a-chymotrypsin at 37 °C for 24 h shows an increase in dena­
tured collagen in cartilage pretreated a t a temperature above 
43 °C, which is in good agreement with thermal unwinding of 
collagen type II.
HPLC, OPA/FMOC derivation
time (min) pmol hydroxyproline
Fig. 6 . (A) Analysis of hydroxyproline in tissue hydroiyzates. 
The chrom atogram  corresponds to the injection of 1.5 pg of 
a-chymotrypsin digested cartilage. (B) Fluorescence a t 254/630 
nm as a function of the am o u n t of hydroxyproline.
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separated peaks for Hyp, FMOC-OH (a hydrolysis 0.7-15.7%; p < 0.01; Fig, 8B). In normal cartilage, in
product from the reagent FMOC), and Pro. Obviously, contrast, the amounts of degraded collagen in the upper
the large excess of primary amino acids does not inter- (2.5 ± 1,9%; range 0.3-4.6%) and lower half (2.0 ±
fere in the assay. Linear calibration curves were obtained 1.4%; range 0.5-3.8%) were not different (Fig. 8A). 
over a range of two to three orders of magnitude
(r > 0.999; Fig. 6B). The detection limit was as low as
1.5 pmol at a signal-to-noise ratio of 4. The repro­
ducibility of the complete procedure (OPA/FMOC
derivatization and chromatography) was established by
Relationship between swelling and perceitt degraded 
collagen
To relate the integrity of the articular collagen network
analyzing ten different derivatizations of the same solu- to a functional parameter, swelling was determined in 
tion. The difference between the highest and lowest mild to severely affected osteoarthritic cartilage (n = 8). 
values obtained was less than 3.5%. Derivatized samples 
stored at 4 °C for 48 h showed no decrease in fluores­
cence response. This stability allows overnight auto­
mated chromatographic analysis. 30
c
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Degraded collagen in normal and fibrMated cartilage
The amount of degraded collagen was determined in 
full-depth healthy and DG condylar cartilage obtained = 
pairwise from '12 donors (aged 43-83 years). Without 
exception, DG cartilage contained more degraded colla­
gen (mean 8.9 ± 5.8%; range 2.0-20.4%) than its 
healthy counterpart (2.1 ± 1.0%; range 0.8-4.1%; 
p = 0.001; Fig. 7). Consistently, high levels of degraded 
collagen were observed in clinical OA cartilage (10.4%
± 5.6%, range 3.6-20.6%; n = 6).
In six of the above subjects, the amount of degraded 
collagen was studied in tissue specimens divided into an 
upper and a lower half. The upper half of fibrillated car­
tilage contained considerably more degraded collagen 
(14.3 ± 7.0%; range 6.0-25.0% ) than the bottom part 
(i.e., the region near the bone; 5.1 ± 5.5%; range
20-
10 -
A normal cartilage
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B degenerated cartilage
“30
p<0.01
-20
-10
c
CD
CD
JS
"Öa
■o03
T 3
CO
I *
CD<D
T 3
0
upper
half
lower
half
upper
half
lower
half
Fig, 8 , Variation in the amount of degraded collagen in normal 
cartilage (A) and degenerated cartilage (B) as a function of 
depth. Plugs of cartilage are divided in an upper half (die re­
gion near the articular surface) and a lower half (die region ad­
jacent to the bone). Lines connect upper and lower cartilage 
obtained from one donor.
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Fig. 7. Percentage of degraded collagen in full depth normal 
and degenerated hum an femoral condyle cartilage. Lines con­
nect normal and  degenerated cartilage from one donor.
Fig. 9. Correlation between the percentage of degraded coll a 
gen and the swelling (increase in water content) of osteo 
arthritic cartilage.
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The swelling ranged from 1.2 to 7.3% (mean 4.2 ± 
2.2%). The amount of degraded collagen in these samples 
ranged from 3.1 to 17.6% (mean 7.9 ± 5.1%). The 
swelling properties of cartilage were highly correlated 
with the amount of degraded collagen (r = 0.858;
Fig. 9).
Discussion
Intact triple helical collagen molecules are highly resis­
tant to proteolytic enzymes. In contrast, cleaved (de­
graded, denatured, unwound) collagen is easily digested 
(Hollander et al., 1994). This fact has been exploited to 
develop a simplified method for the quantitation of the 
amount of in situ degraded collagen in tissue. It has been 
shown in the past that aCT digests degraded collagen 
without affecting intact collagen (Wart and Bond, 1982; 
Hollander et al., 1994). Since the presented simplified 
assay estimates the amount of degraded collagen by 
measuring the amount of Hyp i*eleased from the matrix 
by aCT, it is important to know that degraded collagen 
is indeed completely digested by aCT and released from 
the remaining matrix: if a large fragment of degraded 
collagen is resistant towards aCT and remains incorpo­
rated in the matrix, the percentage of degraded collagen 
will be underestimated. The size of the fragments of pu­
rified denatured collagen obtained after aCT digestion 
was therefore tested on SDS-PAGE (Fig. 2). The frag­
ments were too small to be detected (MW < 3000 Da),
indicating that degraded collagen is completely digested 
by aCT and should easily diffuse out of the proteogly­
can depleted tissue. That aCT digestion of tissue colla­
gen degrades the denatured a-chains completely and 
that all of the digested fragments are quantitatively elim­
inated from the tissue is substantiated both by the fact 
that the amount of degraded collagen can be quantitated 
with Hyp but also with the pyridinium crosslink HP 
(Fig. 4), and by the absence of staining with antibody
COL2-3/4m in aCT treated samples (Fig. 3).
Triple helical collagen is sensitive towards heating 
(Murphy and Reybolds, 1985; Mallya et al., 1986): 
above the so-called melting temperature it unwinds, 
making it susceptible to proteolytic enzymes. This prop­
erty was used to validate the assay by incubations of car­
tilage between 35 and 95 °C. A significant increase was 
found above 43 °C (Fig. 5). This is in agreement with 
the thermal unwinding temperature of soluble collagen 
type II, which is 41-42 °C (Danielsen, 1982; Yang et al., 
1993). This supports the feasibility of aCT to digest de­
natured collagen selectively. It also shows that the incu­
bation temperature at which cartilage plugs are digested 
with aCT should be controlled carefully: above 43 °C, 
the percentage degraded collagen is overestimated. 
Inasmuch as the thermal unwinding temperature of the 
3/4 and 1/4 fragments of collagen (the characteristic 
cleavage product of mammalian collagenases) is around
34.0-35.5 °C (Danielsen, 1987), the incubation temper­
ature should always be above 35.5 °C: below this tem­
perature, the amount of degraded collagen will be un­
derestimated.
Trypsin has been reported to cleave collagen at a posi­
tion close or identical to the MMP-1 cleavage site (Ry~ 
hanen et al., 1983), Since aCT preparations may be con­
taminated with traces of trypsin, this would result in 
overestimation of the amount of degraded collagen. 
Therefore, the ability of trypsin to cleave collagen under 
our assay conditions was checked. No cleavage of colla­
gen type II in cartilage by trypsin was found at trypsin/ 
aCT ratios as large as 10% (w/w), indicating that con­
tamination of aCT with trypsin does not affect the out­
come of experiments.
The pretreatment of cartilage with 4 M GnHCl (re­
moval of proteoglycans) before incubation with aCT  
has two advantages. First, aCT can diffuse more easily 
into the tissue. Non-depleted cartilage has, due to the 
presence of proteoglycans, a pore radius on the order of
23-25 A (Maroudas, 1980). As aCT has a Stokes’ ra­
dius of around 20 A. (Maroudas, 1980), its penetration 
into cartilage is severely inhibited. This is illustrated by 
the observation that proteoglycan depletion by GuHCl 
or chondroitinase ABC/hyaluronidase results in a higher 
percentage of degraded collagen molecules. Thus, for 
cartilage, any protocol that does not include a proteo­
glycan depletion step results in an underestimation of 
the amount of degraded collagen. Secondly, GuHCl 
eliminates soluble collagen molecules from the matrix 
(i.e., newly synthesized and other non-crosslinked colla­
gen; (Grynpas et al., 1994)). These collagens would re­
sult in unrealistic high values of degraded collagen if 
present in the aCT supernatant. This is especially impor­
tant for OA and DG cartilage, as these tissues contain 
increased amounts of soluble collagens, such as type VI 
collagen and newly synthesized type II collagen (McDe- 
vitt et al., 1988; Ronziere et al., 1990). The matrix re- 
maining after GuHCl extraction is insoluble and con­
tains both intact and degraded collagen. Virtually all de­
graded collagen is retained in the network by crosslinks. 
Only 1-2% of the amount of degraded collagen is ex­
tracted with GuHCl (Hollander et al., 1994), indicating 
that GuHCl extraction removes only non-fibrillar, non- 
crosslinked collagen molecules.
242 R, A. Bank et al
In the present procedure, excess amino acid is present 
after reconstitution of hydrolyzed aCT supernatants (es­
timated around 1.5 pmol/200 pi). Therefore, a double 
derivatization protocol was required to measure Hyp 
levels: pretreatment with OPA eliminates the primary 
amino acids before the derivatization step of Hyp and 
Pro with FMOC (Monboisse et al., 1989; Einarsson, 
1985; Teerlink et al., 1989)* An advantage is that the 
complex gradients required for full separation of amino 
acid mixtures can be omitted; Hyp, Pro and the hydroly­
sis product of FMOC with water (FMOC-OH) can eas­
ily be separated with a single isocratic step (Fig. 6A). Al­
ternatively, other selective methods to quantitate Hyp 
levels, such as that of Stegemann and Stadler (1967), can 
be used.
The levels of in situ degraded collagen were about 
four-fold higher in degenerated cartilage than in its nor­
mal counterpart derived from the same donor (Fig. 7 
and 8). In particular, the collagen damage in degenerated 
cartilage is more extensive at the surface than in the re­
gion adjacent to bone (Fig. 8). These findings are consis­
tent with immunohistochemical studies (Dodge and 
Poole* 1989; Poole et al., 1993; Hollander et aL, 1995),
as well as with studies using immunoassays (Hollander 
et al., 1994, 1995), showing that all methods yield simi­
lar results. The higher levels of degraded collagen at the 
superficial and upper mid zones explain, at least in part, 
the preferential loss of proteoglycans from the surface of 
fibrillated cartilage.
Swelling of cartilage, one of the early signs of osteo­
arthritis, is considered to be the result of a collagen net­
work that has lost its integrity (Maroudas, 1976; 
Maroudas et al., 1985; Bonassar et al., 1995). So far, no 
quantitative data directly support this assertion: com­
bined measurements of the state of the collagen network 
per se and of the degree of swelling are lacking. Assess­
ment of the quality of the collagen network with our 
assay showed a good linear relationship (r = 0.858) with 
swelling of OA cartilage (Fig. 9). These experimental 
data provide direct evidence that degradation of colla­
gen in fibrils is one of the factors that result in an im­
paired three-dimensional collagen network.
Until recently, no technique was available to measure 
quantitatively the amount of in situ degraded collagen. 
Hollander and colleagues (1994) were the first to deter­
mine the percentage of degraded collagen in cartilage. 
They made use of two inhibition ELISAs to detect a spe­
cific epitope released by aCT and proteinase K treat­
ment, respectively. Their monoclonal antibody recog­
nizes a specific epitope on the al(II) chain, which limits 
their assay to type II collagen. Our assay circumvents the
use of an antibody not commercially available and of 
elaborate immunoassay procedures, and excludes poten­
tial pitfalls like incomplete digestion with proteinase K. 
Furthermore, our technique is also applicable to tissues 
containing fibrillar collagens other than type II collagen, 
such as tendon and bone. This advantage of the method 
implies that it does not yield information on the degra­
dation of minor collagens like collagens type V and XI. 
Since most connective tissues containing fibrillar colla­
gens are predominantly composed of a single collagen 
type (cartilage is more than 95% type II collagen; bone, 
tendon and ligament are more than 95% type I colla­
gen), this is not viewed as a shortcoming. The minor fib­
rillar collagens (types V and XI) are buried inside colla­
gen fibrils (Kadler, 1994) and are thus not accessible to 
proteolytic enzymes. Even for tissues with a mixed colla­
gen population, the lack of specificity is not a drawback, 
since no proteinases are yet known that specifically 
cleave either collagen type I, II or III.
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